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Toulouse Cedex France Summary During Drosophila embryogenesis, a cell sheet movement, dorsal closure, allows establishment of the dorsal epidermis.
In this morphogenetic process, lateral epithelia undergo a dramatic movement toward the dorsal midline.
In the mutant hemipterous (hep), spreading of the epithelia is blocked; in genetically sensitized hep embryos, cell sheet movement can be arrested at any time, indicating hep requirement in maintaining this morphogenetic activity. Further, hep is required for expression in the dorsal epithelium edges of another dorsal closure gene, puckered. The HEP protein is homologous to the Jun kinase kinase (JNKK) group of mitogen-activated protein kinase kinases (MAPKKs). These data suggest that hep functions in a novel Drosophila MAPK pathway, controlling puckered expression and morphogenetic activity of the dorsal epidermis. Figure  3D ). At the end of stage 15, when DC is normally nearly completed ( Figure  3C ), both the lateral and leading edge cells of hep embryos appear less elongated (see Figure  3D ). These data indicate that hep controls cell fate in the moving leading edge and that one function of hep during DC is to switch on specific gene expression in these cells.
Introduction

Isolation of hep Sequences
and Genetic Rescue Genomic DNA flanking the P element in hep' was cloned by transposon tagging and used to isolate genomic h phages and cDNAs. The genomic structures of the hep locus and of the five mutations described here are summarized in Figure 5 . The P element in hep' is inserted 179 bp upstream of the ATG codon in the longest (2.2 kb) cDNA isolated (cDNA22). This, together witli the DNA lesions associated with the four hep' lethal revertants, suggests that cDNA22 corresponds to a hep cDNA.
To verify this assumption genetically, we constructed a chimeric HShep transgene placing the entire putative hep open reading frame present within cDNA22 (see below) under the control of the heat-inducible hsp70 promoter. The basal expression level of HShep is sufficient to rescue the maternal effect of hep mutations ( Figure 6B ), confirming that cDNA22 corresponds to hep. This result was confirmed using a ubiquitin promoter-hep cDNA22 transgene (UBhep), which allows complete rescue of both the DC maternal effect and zygotic lethality. Interestingly, in the HShep experiments, a small proportion of embryos were only partially and variably rescued, undergoing DC to variable extents (Figures 6C and 6D ; see Discussion). Partial closure was not observed with UBhep constructs, indicating that it is due to limiting amounts of hep function provided by uninduced HShep.
The analysis of the temporal distribution of hep transcripts in Northern blot experiments revealed an mRNA * of approximately 6 kb present throughout development (data not shown). Hence cDNA22, while carrying all hep functions as revealed by rescue experiments, is not full length and lacks some untranslated sequences.
In contrast with the specific effects of hep mutations in DC, in situ hybridization to whole-mount embryos using cDNA22 as a probe revealed a homogeneous distribution of /-/ff mRNAs (data not shown).
hep Encodes a Novel MAPKWMEK Homolog The complete nucleotide sequence of cDNA22 and of an additional 515 bp in the 3' region was determined ( Figure  7A ). The predicted hep gene product (HEP) is 467 amino acids long, and database searches revealed a significant homology to members of the MAPKWMEK protein kinase family(for review, see Ahn et al., 1992) . As shown in Figure  7B , HEP and other MAPKK catalytic domains display from tected in the cells of the leading edge. In contrast, in embryos mutant for hep, the staining is undetectable in these cells. Dorsal views. Anterior is lefl.
39% to 56% overall amino acid identity (54% to 68% similarity). More particularly, the two known phosphorylation sites required for MAPKK activation are well conserved in HEP (Figure 78 ; Alessi et al., 1994; Zheng and Guan, 1994) . Based on the presence or the absence of an insertion between the kinase subdomains IX and X, two MAPKK subgroups are distinguished ( Figure 7B ). As reported recently, this subdivision appears functionally relevant, since different human MEKs show a selective specificity for various MAPK subtypes (Derijard et al., 1995) . HEP, like its closest human (MKKS and MKK4; Derijard et al., 1995) and Xenopus (XMEK2; Yashar et al., 1993) homologs, does not possess such an insertion and, thus, likely represents a Drosophila homolog of the JNKK family of MAPKK (Derijard et al., 1995; Lin et al., 1995) .
The prediction that hep encodes a protein kinase was assessed biochemically.
A purified glutathione S-transferase (GST)-HEP fusion protein (Smith and Johnson, 1988; see Experimental Procedures) undergoes autophosphorylation, as reported previously for vertebrate MEKs (Kosako et al., 1993; Zheng and Guan, 1993) , although poorly compared with a MAPK ( Figure 7C ). The absence of autophosphorylation of purified GST on its own indicates that the kinase activity depends strictly upon the HEP sequences (data not shown).
The GST-HEP kinase activity is abolished in a deletion mutant removing the entire HEP kinase domain (GST-HEPAK; Figure 7C Division into subdomains I-XI is according to Hanks et al. (1988) . Gaps introduced to optimize the alignment are represented by dashes. Identical residues are indicated by a black background, while similar amino acids are in stippled. The identity and similarity of MEK with HEP were calculated to be asfollows(percent identity to percent similarity): huMKK4, 56%/68%; XMEKP, 56%/660/o; huMKK3,48%/62%; huMEK1, 40%158%; DSORl , 40%157%. (C) Autophosphorylation of HEP. Purified GST-MAPK, GST-HEP (GST-Hep), and GST-HEPAK (GST-HepAK) fusion proteins were incubated in the presence of radiolabeled ATP, run on an SDS-polyacrylamide gel, and autoradiographed. Role of hep in DC The behavior of epidermal cells during DC is well documented in wild-type embryos and in a few mutant backgrounds (Young et al., 1993; Ring and Martinez Arias, 1993; Martinez Arias, 1993; Fehon et al., 1994) . Both from these studies and from our observations, the DC process in each segmental unit can be schematically divided into three steps: initiation, i.e., determination of the epithelium as morphogenetically competent; spreading, which consists of the coordinate dorsalward movement of the two lateral epithelia; suture of the convergent epithelia at the dorsal midline. We present evidence here that hep mutations specifically block spreading, a phenotype not previously described. In contrast with put (Ring and Martinez Arias, 1993), our data suggest that hep is not required for the initiation phase. Conversely, since hep embryos do not close, we cannot exclude the possibility that hep also plays a role in the suture of epithelia at the dorsal midline.
What is the role of hep in cell sheet spreading? Careful inspection of hep embryos suggests that spreading proceeds in two separate phases, one hep-independent and the other not. The initial short-range movement of the epithelium observed in hep embryos may reflect a morphogenetic activity of the epithelium independent of hep function. But, since none of the hep mutations studied here is a confirmed null allele, this apparently intrinsic morphogenetic activity may also be due to some residual hep function. In a second phase, however, hep is clearly required for the displacement of the epithelium margin from an intermediate position to its final location, at the dorsal midline. As a whole, this process lasts for about 2 hr, and an important question is how hep works during this phase: i.e., is it necessary to trigger the movement, or is it rather required during the process? One way to address this question is to sensitize embryos by providing them with threshold amounts of the hep product, as in our rescue experiments using HShep. While most embryos were rescued, a small proportion displayed variable degrees of incomplete DC, as illustrated by.the variable size of their dorsal hole (Figure 6 ). That DC aborted at different intermediate stages strongly suggests that hep is required for maintenance of the morphogenetic activity of the epidermal epithelium. Indeed, if hep were only a trigger for cell sheet movement, one should not observe embryos with some, but not all, segmental units fused.
Although hep is clearly crucial for correct spreading, it is not clear which cell type(s) requires its function. The gene is uniformly expressed in embryos, and it is not possible to correlate this pattern with any localized requirement. However, we show here that the hep motionless phenotype is accompanied by misexpression in the margin of the pw9 enhancer-trap. This finding therefore represents strong evidence that hepfunction is required in the leading edge. The question of whether hep is specifically required in the margin could be addressed further using the GAL4 System to direct hep expression in these cells during DC (Brand and Perrimon, 1993) . The requirement of hep+ for norrnalpu~~~~ expression reinforces the notion of a particular status of the leading edge (Martinez Arias, 1993) and suggests that this line of cells is crucial in the displacement of the entire cell sheet toward the dorsal midline.
Based on our data, the role of hep, and the postulated DC signal transduction pathway, can be viewed as a switch between two alternative cell sheet behaviors. In this view, signaling via hep is sufficient to convert the motionless dorsal epidermal primordium to a movable entity. This behavior appears to be reversible in embryos with limiting amounts of hep, in which the cell sheets become fixed again. This switch model predicts that the initiation/ spreading and spreading/suture transitions may correspond to the turning on and off of the DC signaling pathway, respectively, and that the activity of the putative DC signal might fit these variations.
Control of Cell Sheet Movement by a MAPK Pathway
We show here that concerted cell sheet movement requires signaling via a novel MEK, thus providing a link between this morphogenetic process and MAPK pathways. This finding suggests for DC a signal transduction mechanism similar to that shared by other known MAPK pathways (Blumer and Johnson, 1994; Herskowitz, 1995) .
Few target genes of the MAPK pathways have been identified in metazoa. In the Drosophila tar pathway, expression of the tailless gene is regulated at embryonic termini (Tsuda et al., 1993) while phyllopod, which encodes a novel nuclear protein, has been recently identified as the first immediate transcriptional target of the sev pathway in the Drosophila retina (Dickson et al., 1995; Chang et al., 1995) . The hep-dependent activation of pucEsg expression in the cells of the leading edge makespoc a good candidate for a downstream genomic target of the DC pathway, a possibility that can now be examined at the level of PUC mRNA expression. The differences observed between put (Ring and Martinez Arias, 1993) and hep DC initiation phenotypes suggest in turn that hep may induce other cell responses apart from the control of put gene expression. The other so far identified genes with a demonstrated function in DC encode a 6-integrin subunit (/(l)myospheroid; MacKrell et al., 1988) , nonmuscle myosin heavy chain (zipper; Young et al., 1993) , a Drosophila homolog of the 4.1 vertebrate membrane-skeletal protein (coracle; Fehon et al., 1994) , and a transcriptional regulator homologous to vertebrate GATA-1 (pannier; Ramain et al., 1993; Winick et al., 1993) , suggesting critical roles for the cytoskeleton, cell adhesion, and as shown here, the control of gene expression in the process of DC. However, although these proteins are clearly involved in several aspects of epithelial and amnioserosacell function, their participation in acommon pathway remains to beestablished. Undoubtedly, the characterization of additional DC genes among those affecting the formation of the dorsal epidermis, in combination with screens for genetic modifiers of hep, will help to identify the molecules that cooperate in the DC morphogenetic process and should provideanswers to some of the following questions. How are the cytoskeleton and cell adhesion molecules connected to MAPK pathways in cell movement? Does the DC signal transduction Noselli et al., 1992) . The P insertion in hep' was mobilized by providing an external source of P transposase, and excisions were selected through the loss of the ry' marker. Of the 34 excision lines tested, 4 (hep? hepT45, hep"' , and hepr75) bore an X-linked larval lethality.
Homozygous germline clones for hep' mutations were induced by mitotic recombination using the FLP-DFS technique (Chou and Perrimon, 1992) . The progeny of y w hep' FRJIOIIFMG; +I+ females crossed to w ovoD' vZ4 FRJ7OIIY; FLP381FLP38 males were heat shocked (37%) for 1 hr at pupal stage to induce mitotic recombination. Then, y w hep' FRJlOllw ovoD' P FRJ707; FLP38/+ females were mated to Oregon-R wild-type males. The progeny were allowed to develop for 1 day at 22%, before collecting dead embryos for observation of cuticles as previously described (Wieschaus and NtissleinVolhard, 1986 ).
Isolation
and Sequence of Genomic and cDNA Clones Handling of phages and DNA and Iibraryscreenmgs followed standard methods (Sambrook et al., 1989) . To isolate sequences flanking the P[ry+] element in hep', genomic DNA was double digested with Pstl and Ncol to make a size-selected library in a plasmid derived from pSP64 (Promega). Screening with a probe corresponding to the 3'end of the P element identified clones containing 9 kb of genomic DNA. This insert was subsequently used as a probe to isolate several clones from a hCharon4 genomic library (Maniatis et al., 1978) . The hhep4 phage, which encompasses the hep' P insertion, was finally used to isolate cDNAs from staged 8-12 hr and 12-24 hr embryonic libraries (Brown and Kafatos, 1988) . To isolate additional 3' sequences, we performed RT-PCR cloning experiments using forward (5'~CCTAAT-TCCTAATACCATTTC-3') and reverse (5'~CCGTTTCCTCTTCCATT-TCC-3') primers, which hybridize to positions 2103-2123 and 2674-2693 in the cDNA sequence, respectively. Reverse primer is included in a 342 bp BamHl genomic fragment located 1.5 kb to the 3' end of cDNA22 and hybridizing to hep transcripts in Northern blot experiments. Comparison of the size of PCR products generated from cDNA and genomic DNA indicates the presence of an approximately 1 .I kb intron.
The nucleotide sequence of the composrte 2.7 kb cDNA was determined on both DNA strands by dideoxy sequencing using Sequenase (United States Biochemical Corporation). The hep genomic DNA was partly sequenced on onestrand to map intronlexon boundaries. lntrons 2,3,4,5, and approximately 90% of sequences contained in the cDNA were sequenced from genomic DNA. The cDNA and relevant genomic fragments were subcloned and sequenced after clones with a series of deletions were produced using Exolll nuclease (Sambrook et al., 1989) . :
Genetic Rescue Experiments The H.Shep construct was made by introducing cDNA22 (nucleotides 1-2189 in Figure 1 ) fragment bordered by BamHl and Xbal restriction sites into the -8glll and Xbal sites of the transformation vector pCaSpeR-HS (Thummel and Pirrotta, 1992 et al., 1992) was restricted with BamHl and EcoRl and ligated with a BamHI-EcoRI fragment from pTPVE, fusing in-frame GST to the entire hep ORF except the first ten amino acids. pGST-HEPAK was constructed by internal deletion of the kinase domain in pGST-HEP plasmid cut with Eagl and EcoRI, treated with Klenow, and self-ligated. Expression and purification of various GST fusion proteins followed the technique described by Smith and Johnson (1988) . Protein kinase assays were done in kinase buffer as described by Kosako et al. (1993) . The reactions were terminated after 30 min at 37% by addition of Laemmli sample buffer. Autophosphorylation was examined after SDS-polyacrylamide gel electrophoresis (SDS-PAGE) by autoradiography.
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